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The  fracture  toughness  of a  range  of  thermoset  polyester  paints  with  different  cross-link  densities  has
been  studied,  using  the  essential  work  of  fracture  (EWF)  method.  The  glass  transition  temperature,
Tg, of  each  of  the  materials  was  measured  using  differential  scanning  calorimetry,  and  found  to  lie
between  8 and  46 ◦C.  EWF  tests  were  performed  on  the  paint ﬁlms  at a range  of temperatures  around
the  measured  glass  transition  temperature  of each  material.  The essential  work  of fracture,  we,  at  Tg
was  found  to decrease  with  increasing  cross-link  density  from  around  20  kJ/m2 at a  cross-link  density
−3 3 2 −3 3
olyester coatings
ross-link density
ssential work of fracture
of  0.4  ×  10 mol/cm to around  5 kJ/m for cross-link  densities  of  approximately  1  × 10 mol/cm or
higher.  A  maximum  in  the  essential  work  of  fracture  was  observed  at around  Tg when  we was  plotted
versus  temperature,  which  could  be attributed  to the  effect  of  an  ˛-relaxation  at  a  molecular  level. The
polyesters  were  found  to  be visco-elastic,  and  the  applicability  of  the EWF  test to  the  study  of these
visco-elastic  thermoset  materials  is  discussed.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
Coil coating is the method of pre-painting metal sheets which
re then stored in drums (coils) to be formed at a later stage. The
oil coating process is continuous and includes the cleaning and
re-treatment of the metal strip as well as the application and
ubsequent curing of the coating, resulting in signiﬁcant advan-
ages both in terms of cost-reduction and in terms of reduced
olvent emissions [1,2]. The method is particularly popular in the
onstruction, electrical appliance and automotive industries and a
umber of different coating systems are used, including polyesters,
olyurethanes and epoxies [1,2]. As the paint is applied before the
orming stage in the manufacturing process, it is exposed to sig-
iﬁcant mechanical deformation during forming. Therefore it is
mperative that the paint has the mechanical strength and tough-
ess to withstand the applied deformation without cracking [2].
his has resulted in highly engineered coating systems that are in
any ways similar to structural adhesives, for example the paints
re generally based on thermoset polymer binders and are required
o have excellent mechanical properties such as high strength and
∗ Corresponding author. Tel.: +44 20 7594 7149.
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300-9440/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/3.0/).
toughness. However, an important research question lies in the
determination of the relationship between the mechanical proper-
ties of the paint and the formability of the coating when applied on
a metal panel. Additionally, in order to design improved paint for-
mulations, it is desirable to know the effect of microstructure (e.g.
molecular weight, cross-link density, volume fraction and type of
pigment etc.) on the mechanical properties, and subsequently on
the formability of the paint.
Several research groups have investigated the tensile and
dynamic mechanical properties of both industrial and artists’ paints
[3–10]. The work required for the fracture of free-standing paint
ﬁlms in tension has also been considered [8]. However, relatively
few studies have concentrated on directly measuring the frac-
ture toughness of coatings [11–13]. Of these studies, some have
focused on the toughness of the complete coating system (i.e. of the
paint as applied on a substrate pre-coated with a layer of primer)
[11,12], while others on determining the fracture toughness of the
free-standing paint ﬁlms [13]. The advantage of measuring the
toughness of complete coating systems is that the results are easy
to interpret from the industry’s point of view, as they provide a
quick comparison between different systems. However, by using
this method it is difﬁcult to distinguish the contributions from
different parts of the system (e.g. substrate, primer, top-coat) to
the overall measured toughness. On the other hand, by measur-
ing the toughness of the paint (top-coat) in isolation it is possible
to obtain a property characteristic of this particular material. The
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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ownside is that then further tests are required to study how this
roperty correlates with the formability of the paint when applied
n a substrate.
The present work uses the essential work of fracture (EWF)
ethod to measure the toughness of a series of coil coatings
ased on different polyester resins and cross-linked with different
mounts of hexa(methoxymethyl)melamine (HMMM).  In partic-
lar, attention is given to the effect of cross-link density on the
racture toughness of the paints, while the effect of test tempera-
ure is also considered.
. Essential work of fracture
.1. General
In the case of brittle materials a linear elastic fracture mechanics
LEFM) approach is used to measure the fracture toughness, given
n the form of a critical energy release rate, Gc, or critical stress
ntensity factor, Kc of the material [14]. A basic assumption of this
pproach is that the sample behaves elastically, with plastic defor-
ation taking place only in a relatively small region immediately
urrounding the crack-tip. The method has been widely used for
he characterisation of thermoset polymers and adhesives, such
s epoxies and cyanate esters. These materials display a linear-
lastic response in the bulk of the sample until fracture such that
he plasticity is localised at the crack tip [14]. For materials that
isplay elastic/plastic stress–strain behaviour, on the other hand,
he method is not applicable as it tends to overestimate the energy
equired for fracture, due to its inability to account for energy lost
n plastic deformation in the bulk of the sample (i.e. in parts of the
ample far from where the fracture takes place) [15,16]. As paints
re often required to operate at temperatures close to or even above
heir glass transition temperature (Tg), their mechanical response
anges from elastic-plastic, to visco-elastic and (at higher temper-
tures) rubbery. The visco-elastic nature of the materials discussed
ere has been discussed by the authors in a previous publication
17]. It is clear therefore that linear elastic fracture mechanics is
ot a suitable approach for measuring the fracture toughness of
he materials at hand and a different methodology is required.
The essential work of fracture method was speciﬁcally devel-
ped for the evaluation of the fracture toughness of thin sheets
hat undergo signiﬁcant plastic deformation prior to fracture. The
ethod is based on the work of Broberg [15] and was  later fully
eveloped by Mai  and Cotterell [16,18,19], who formulated the
xperimental procedure to separate between the essential, We, and
he non-essential, Win, components of the work of fracture. The for-
er  is the work consumed in the formation of the fracture surfaces
nd in plastic deformation in the area immediately surrounding the
rack tip, while the latter accounts for energy dissipated in plastic
or more generally inelastic) processes in the bulk of the sample.
he most popular specimen geometry is the double edge notch ten-
ile (DENT) specimen, see Fig. 1(a), that results in Mode I crack
ropagation and rupture.
The total work supplied for fracture, WF, can be written as the
um of its components as [16]:
F = We + Win (1)
An assumption is made at this point, that the essential compo-
ent of the work is proportional to the cross-sectional area of the
igament, see Fig. 1. The non-essential component of the work is
roportional to the volume of a region surrounding the ligament
referred to as the outer process zone), as shown by Eq. (2).
We = ltwe
Win = ˇl2twin
(2)Organic Coatings 78 (2015) 265–274
where l is the ligament length, t the sample thickness and  ˇ is the
shape factor of the outer process zone, for example for a circu-
lar outer process zone,  ˇ = /4 [20]. Experimental determination of
the process zone shape is possible through observation of stress
whitening of the sample in the area surrounding the ligament
[21,22]. Finally, in Eq. (2), we is the essential and win the non-
essential speciﬁc (per unit surface and unit volume respectively)
work of fracture.
If the total work of fracture is now normalised by lt, Eq. (1)
becomes:
WF
lt
= wf = we + ˇlwin (3)
Eq. (3) provides a strategy for the determination of we by noting
that if a series of samples with different ligament lengths are tested,
then a plot of the total speciﬁc work of fracture, wf, versus ligament
length, l, should give a straight line whose intercept with the y-
axis is the essential work of fracture, we, and whose slope is equal
to ˇwin (Fig. 1). In practice, a series of load versus displacement
curves is obtained from the testing of samples with different liga-
ment lengths, and in each case the value of Wf is calculated as the
area under the curve (Fig. 1(b)). These results are then re-organised
as wf versus l and analysed according to Eq. (3), see Fig. 1(c). Note
that as the samples are expected to fracture under identical stress
states irrespective of ligament length (see also Section 2.2), the
load–displacement traces are required to show self-similarity, i.e.
to scale with ligament length while maintaining the same general
shape (Fig. 1(b)). In fact the self-similarity of the load–displacement
traces is perhaps the most commonly used criterion to determine
the applicability of the EWF  method.
2.2. Geometric restrictions
A number of restrictions apply regarding the geometry of the
samples that are used in the EWF  method. These restrictions are
derived from three basic requirements: (a) that the ligament is fully
yielded prior to fracture, (b) that the outer process zone is conﬁned
within the ligament and does not extend to the edges of the sam-
ple, and (c) that the fracture propagates under plane stress. The
requirement for full yielding of the ligament prior to fracture usu-
ally leads to unrealistically high upper bound values for ligament
length (l > 100 mm)  [20]. On the other hand, a more realistic upper
bound is provided by the requirement to conﬁne plastic yielding
within the ligament, giving values of l ≤ B/3 [16], where B is the
sample width, see Fig. 1. This limit has been criticised as conser-
vative by several researchers, and an upper bound of l ≤ B/2 has
been proposed [20,23]. Finally, the requirement for plane stress
conditions prevailing in the fracture zone leads to a lower bound
ligament, l ≥ 3t. For thin ﬁlms this can imply extremely small liga-
ment values, for example in this study it would mean a minimum
l ≈ 60–90 m.  Apart from such low values being practically unob-
tainable, it has also been suggested that the transition from the
required plane stress conditions to the undesired plane strain con-
ditions actually takes place at signiﬁcantly higher values of l. Such
observations have resulted in a suggested lower bound value for
the ligament, l ≥ 5 mm [20]. The overall length, L, of the samples is
not thought to affect the results, as long as it is sufﬁciently large
compared to l.
2.3. Statistical analysis and data reduction
Apart from the requirement for self-similarity, a number of cri-
teria are used to determine the applicability of the EWF  method
and the quality of the results. As the EWF  is calculated from lin-
ear extrapolation of the (l, wf) data points, it is imperative to
have a measure of the quality of the linear ﬁt, and also of the
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Table 1
Molecular weights and functionality of the polyester binders.
Binder Molecular
weight [g/mol]
Number of OH  sites
available per chain
PE1 4200 3.6
PE2 3400 3.3
PE3 4600 3.7ig. 1. Schematic of double edged notched tension (DENT) sample (a), load versus 
f  wf versus l showing best-ﬁt line to obtain we and ˇwin (c).
egree of certainty associated with the reported values. For this
eason, the coefﬁcient of correlation, R2, and the standard errors
0.68 conﬁdence level) from the least squares ﬁtted line, as well
s the standard errors of the intercept and the slope, are calcu-
ated. Williams and Rink [20] propose that R2 values in excess of
.98 are expected, while the standard error associated with the
ssential work of fracture should be lower that than 0.1we. It has
een suggested that wf values lying more than two  standard errors
way from the best-ﬁt line, should be discarded [20,24]. Further
riteria for data reduction are set by consideration of the sample’s
tress state during testing. From the assumption of full yielding of
he ligament prior to fracture, it follows that the maximum stress
uring testing, m, should be related to the yield stress of the mate-
ial, y, as, m = 1.15y. It is noted, however, that several groups
ave observed deviations from this behaviour, while a tendency
or decreasing m with increasing l, is widely reported [21,24–27].
ecause a criterion of m = 1.15y could be considered as overly
estrictive, an alternative criterion for data reduction has been pro-
osed [20] that requires the maximum stress values measured for
ifferent values of l to fall within 10% of the average maximum
tress value, m,avg, such that 0.9m,avg < m < 1.1m,avg.
. Materials and manufacturing
The paints studied here were based on a polyester binder
ommonly used in the coil coatings industry (herein referred
o as PE1), with a molecular weight of 4200 g/mol and an
verage of 3.6 OH sites available for cross-linking per chain.
exa(methoxymethyl)melamine was used as the cross-linker, and
as added to binder PE1 at concentrations of 5, 10, 20 and 30 wt%
denoted as paints PE1H5–PE1H30). Modiﬁcations of the basic
inder were also explored (binders PE2–PE5). Details of the struc-
ures of the binders will be provided in a future publication,
owever for the purposes of the present study it will be assumed
hat the only difference between the binders lies in their molecu-
ar weight and the number of OH sites available for cross-linking.PE4 8400 2.0
PE5 2200 2.5
The relevant values of molecular weight and OH sites are shown in
Table 1.
A constant 20 wt% HMMM  was  used for the cross-linking of
binders PE2–PE5. The liquid paints (binder + HMMM)  were applied
on PTFE-coated steel panels using a wire-wound coating bar, also
known as a draw-down bar, and were subsequently cured inside
an oven at a temperature of 265 ◦C for a period of 30 s, resulting in
a peak metal temperature (PMT) of 232 ◦C. Free ﬁlms of the cured
paints, approximately 20–30 m thick, were then obtained simply
by peeling from the PTFE-coated substrates.
4. Experimental procedures
The glass transition temperature, Tg, of the paints was deter-
mined by differential scanning calorimetry (Q2000 DSC, TA
Instruments, USA). A mass of 5–10 mg  of each material was placed
in a hermetically sealed Al pan, and analysed in a heat–cool–heat
cycle between −30 ◦C and 100 ◦C at 10 ◦C/min. Dynamic mechan-
ical analysis (DMA) was  performed with a Tritec 2000 DMA
(Triton Technologies, UK). Rectangular samples (approximately
5 mm  × 15 mm,  with a free length of 5 mm)  were subjected to a
sinusoidal tensile load, at a frequency of 1 Hz. A strain amplitude of
around 0.1–0.2% was set, while the experiments were performed
in ‘auto tension’ mode, meaning that an adjustable static load was
applied on top of the dynamic load, to prevent the samples from
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Fig. 2. Optical micrographs of c
Table 2
Effect of the binder type and HMMM  content on the glass transition temperature
and cross-link density of the paints.
Tg [◦C] (±2) e [10−3 mol/cm3]
PE1H20 36 0.93 ± 0.06
PE2H20 46 0.74 ± 0.03
PE3H20 21 1.03 ± 0.10
PE4H20 17 0.47 ± 0.09
PE5H20 8 0.77 ± 0.01
PE1H5 28 0.44 ± 0.20
PE1H10 35 0.64 ± 0.02
b
a
d
o
(
a
b
u
t
e
[
t
(
p
c
a
s
b
a
s
r
p
t
T
v
t
5
5
p
o
t
cPE1H20 36 0.93 ± 0.06
PE1H30 35 2.08 ± 0.16
uckling. The temperature was varied between −20 ◦C and 120 ◦C
t a heating rate of 3 ◦C/min.
Rectangular samples were prepared for EWF  testing, with
imensions of approximately 20 × 80 mm.  To improve the grip
f the samples within the tensile clamps, paper end-tabs
10 × 20 mm)  were bonded to the samples with the use of a widely
vailable cyanoacrylate adhesive. This resulted in a free-length
etween the clamps of L = 60 mm,  see Fig. 1(a). A razor blade was
sed to notch the specimens, where care was taken to ensure that
he notches were in the middle of the sample and directly opposite
ach other. The crack-tip radius is known to greatly inﬂuence we
20,28], and this is why a new blade was used each time to notch
he specimens, resulting in a crack tip diameter of the order of 1 m
see Fig. 2). An Instron 4301 universal testing machine was used to
erform the tests at a displacement rate of 5 mm/min. All tests were
onducted inside an environmental chamber at controlled temper-
ture and a relative humidity of 50%. Between eight and thirteen
amples of each paint were tested, with ligament lengths ranging
etween 5 and 12 mm.  It is recognised that a ligament of 12 mm is
bove the recommended upper bound of B/2, and in theory wider
amples would need to be used to accommodate a sufﬁciently large
ange of ligaments. However, as a result of the curing procedure, the
aint ﬁlms contained both micrometre and millimetre sized holes,
hus making it difﬁcult to obtain defect-free 20 × 60 mm samples.
he selected ligament range and sample size were found to pro-
ide a good compromise between EWF  testing requirements and
he limitations posed by the materials at hand.
. Results and discussion
.1. Thermal analysis
DSC and DMA  were performed to obtain the glass transition tem-
erature and cross-link density of the paints respectively. The Tgs
f the paints are given in Table 2, where the value of Tg is seen
o depend mainly on the polyester binder used. By comparison, the
hange in the concentration of HMMM  has minimal effect. The mainrack tip on DENT sample.
purpose for obtaining the Tg values in this study was to enable the
mechanical testing of the paints at equivalent temperatures with
respect to Tg. DMA  traces of the paints are shown in Fig. 3. The cross-
link density, e, was  calculated from the rubbery storage modulus,
Ee, as obtained by DMA  at 100 ◦C as,
ve = Ee3RT (4)
where R is the ideal gas constant and T is the temperature in Kelvin.
The resulting cross-link densities are shown in Table 2. The den-
sity of the network increases with increasing concentration of the
HMMM  cross-linker (compare paints PE1H5–PE1H30). Changing
the polyester binder can affect cross-link density as a result of
changes in the molecular weight, the functionality and the pack-
ing ability of the chains. The effect of reducing the functionality
while increasing the molecular weight of the polyester is seen for
example in the case of PE4H20 which has the least dense network
among the 20 wt% HMMM  paints.
5.2. Applicability of the EWF  method
Before presenting the results and discussing the effect of chang-
ing the formulation on the fracture toughness of the paints, it is
important to address the issue of the method’s applicability to the
study of the materials at hand. It is useful to consider ﬁrst the ten-
sile behaviour of the paints. A characteristic stress versus strain
curve of paint PE1H20 loaded in tension at a temperature equal
to its Tg is shown in Fig. 4. The sample was stretched at a con-
stant displacement rate of 5 mm/min  up to a strain of 35%, at which
point the cross-head movement was  reversed and the load was
removed. During the loading part of the cycle, the stress varies
relatively linearly with strain up to approximately 2% strain, fol-
lowed by an apparent yield point and what would appear to be
plastic deformation. Upon unloading, however, it is clear that a
larger portion of the strain is recovered than would be expected
for elastic/plastic behaviour, i.e. the recovered strain is larger than
the strain at the apparent yield point. Further, when the sample was
removed from the tensile clamps and was  left for an additional two
hours inside the environmental chamber, complete strain recov-
ery was  observed. These ﬁndings show that the material behaviour
beyond the initial linear part of the stress versus strain trace can be
best characterised as inelastic rather than plastic. Notwithstanding
differences in the exact amount of strain recovered at the end of the
loading–unloading cycle, these ﬁndings were common for all paints
discussed in this study. As the EWF  method has been developed for
elastic/plastic materials, a question regarding the applicability of
the method arises. It was decided, however, to proceed with using
the EWF  approach, assuming that the basic premise of separating
between the essential and non-essential components of the total
work holds, only the non-essential work of fracture corresponds to
I. Giannakopoulos, A.C. Taylor / Progress in Organic Coatings 78 (2015) 265–274 269
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ligaments is shown in Fig. 6(a). However, it has already been dis-Strain, %
Fig. 4. Cyclic loading stress versus strain trace of paint PE1H20 tested at Tg.
he energy dissipated in time-dependent inelastic (as opposed to
lastic) deformations in the bulk of the sample.
.3. EWF  results – effect of the cross-link density
Example load versus displacement traces of paints PE1H20 and
E2H20 tested at Tg (DSC) are shown in Fig. 5(a) and (b). For brevity
he traces for the rest of the paints are not shown, as the curves in
ig. 5 can be used for a more general discussion that applies to the
est of the paints as well. It is seen that the load versus displacement
races of PE1H20 in Fig. 5(a) generally satisfy the requirement for
elf-similarity with changing ligament length. On the other hand,
his is clearly not the case for the traces of PE2H20 in Fig. 5(b)
e.g. compare traces of l = 6.3 mm and l = 6.2 mm,  or l = 11.6 mm
nd l = 11.3 mm).  Upon investigating these results further it was
ound that the DENT samples of PE2H20 were obtained from two
eparate ﬁlms of the paint. When the data were re-arranged into
wo separate plots with respect to the ﬁlm used, it was foundTemperature, °C
ting of the paints for varying HMMM  content (a), (b) and binder type (c), (d).
that in each case the traces displayed the desired self-similarity,
see Fig. 5(c) and (d). The exact reasons for this discrepancy are
not known, however, it would appear to be a result of the ﬁlm-
manufacturing process. First, it needs to be considered that during
cure, the paints were inserted and removed from the oven manu-
ally. As the curing time was very short, small changes in the curing
time caused by the operator could potentially result in paint ﬁlms
being cured to different extents. Second, micro-bubbles and holes
were formed in the ﬁlms as a result of both solvent evaporation
and of ethanol emission as a by-product of the curing reaction. It
is possible that changes in the amount of micro-defects present in
different paint ﬁlms slightly affected the EWF  results. Further, it
has been noted [29] that for sufﬁciently thin ﬁlms (below around
200 m)  buckling in the transverse direction could affect the self-
similarity of the load–displacement traces. The thickness of the
ﬁlms investigated here was around 20–30 m and buckling was
indeed observed in some cases. It has been proposed to use U-
shaped clamps that constrain buckling in the transverse direction,
although it is acknowledged that this would in turn result in a
change in the applied stress ﬁeld [29]. The use of this type of clamps
for the testing of such thin specimens is worth investigating in the
future. For the purposes of the present article, as there was no good
reason to discard one or the other set of data, it was  decided to use
all PE2H20 traces to obtain we, considering that the quality of the
data will be reﬂected in the results of the statistical analysis.
Initial attempts to compare between the maximum stress
during EWF  testing and the tensile yield strength (results to
be published), y, of the paints, showed that 0.8y ≤ m ≤ 2.5y
depending on the formulation and ligament length. As an exam-
ple, the yield stress of PE1H20 at Tg along with m for differentcussed (see Section 2.3) that variations from the theoretical value
of m = 1.15y are widely reported. Alternatively, it was attempted
to apply the requirement posed by Williams and Rink [20]
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Table 3
Essential work of fracture, we, and ˇwin values for paints tested at Tg.
we [kJ/m2] ˇwin [MPa]
PE1H20 5.7 ± 1.0 1.3 ± 0.1
PE2H20 4.4 ± 0.7 0.8 ± 0.1
PE3H20 12.9 ± 1.4 1.9 ± 0.2
PE4H20 16.9 ± 4.7 3.8 ± 0.5
PE5H20 7.3 ± 3.8 4.4 ± 0.4
PE1H5 19.4 ± 1.4 0.8 ± 0.2
PE1H10 13.2 ± 1.9 0.9 ± 0.2ig. 5. Load versus displacement traces from DENT tests of PE1H20 (a) and PE2H2
wo  individual free ﬁlms (ligament length, l, shown in millimetres).
or 0.9m,avg < m < 1.1m,avg. Any load versus displacement trace
iving m outside these boundaries should then be excluded. As an
xample m is plotted versus l for the PE1H20 traces (Fig. 6(b)).
learly, the data points fall close to the prescribed boundaries,
owever, strict application of the criterion would still lead to the
xclusion of a signiﬁcant number of samples. Similar conclusions
ere drawn across all paint formulations. As it was not possible to
ncrease the number of samples in order to obtain enough valid data
oints that satisﬁed the m,avg criterion, it was decided to proceed
egardless and expect that the statistical analysis should provide a
easure for the quality of the results.
Plots of wf versus l for samples tested at Tg are shown in Fig. 7.
or clarity, the data have been divided into two groups: one of the
amples based on binder PE1 and cross-linked with different con-
entrations of HMMM,  see Fig. 7(a), and one of the samples based
n different binders and cross-linked with a constant concentra-
ion of HMMM  of 20% by weight, see Fig. 7(b). A linear regression
as performed on the data for each paint, and the best ﬁt lines
ere plotted. The standard error of the regression was  calculated
n each case, and data-points lying more than two standard errors
rom the regression line were discarded. The regression was  then
epeated and the new best-ﬁt line was plotted through the data.
he value of we was obtained as the intercept of the best-ﬁt line
ith the y-axis, while the slope of the linear regression gave the
on-essential component of the work, ˇwin. These values are given
n Table 3 along with the associated standard errors. The high stan-
ard error values, as well as the low R2 values are thought to be
ssociated mainly with the quality of the samples. It has already
een discussed that as a result of the curing process the paint ﬁlms
ontained micron-sized holes and bubbles. As the exact concen-
ration of such defects on each sample could not be controlled, itPE1H20 5.7 ± 1.0 1.3 ± 0.1
PE1H30 5.4 ± 0.8 0.3 ± 0.1
is thought that their presence results in a higher degree of uncer-
tainty in the measured we values. Small differences in the curing
time between different ﬁlms of the same paint could also affect
results. Finally, it needs to be noted that as the ﬁlms were very
thin (20–30 m) errors in the measurement of the thickness in the
order of 1–2 m could signiﬁcantly affect the results. (Note that
the width and length of each sample were measured with a digital
vernier calliper to ± 0.01 mm,  and the thickness was  measured with
a digital micrometer to ± 0.001 mm.  At least three measurements
were taken and mean values were calculated.)
Comparing the EWF  results of the PE1-based paints with differ-
ent concentrations of HMMM,  the general trend is for the essential
work of fracture to decrease with increasing concentration of the
cross-linker, from approximately 19 kJ/m2 in the case of PE1H5 to
24 kJ/m for PE1H30. When a comparison is made between the dif-
ferent polyester binders, it is seen that the PE4-based paint has
the largest fracture toughness (approx. 17 kJ/m2), followed by PE3,
while the fracture toughness of paints based on PE1, PE2 and PE5
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Fig. 7. Speciﬁc work of fracture versus ligament length for paints with var
as very similar at around 4–7 kJ/m2. These results can be inter-
reted by considering the cross-link densities of the paints. Fig. 8(a)
hows that the essential work of fracture generally decreases with
ncreasing cross-link density. This is not unexpected, as it is well-
nown that the fracture toughness of glassy polymers decreases as
he degree of cross-linking increases, e.g. [30–32]. A smaller num-
er of studies have focused on the relationship between toughness
nd cross-link density of polymer systems that show visco-elastic
ehaviour. Nevertheless, the available evidence (see [33–35]) sup-
orts the main ﬁndings of this study, i.e. an increase in cross-link
ensity results in decreasing we. On a microstructural level, the
hortening of the chain segments between junction points will
ead to a decrease in fracture toughness. Panico et al. [36] have
rovided a molecular dynamics study where the shift from a
hain uncoiling-dominated failure mechanism to a chain-scission-
ominated failure mechanism, with increasing cross-link density,
s discussed. Chen and Wu  [34] on the contrary suggest that we
s a function of the elastic energy stored in chain segments at the
oment of fracture. Therefore an increase in we with decreasing
ross-link density is expected as a result of the greater number of
 C linkages per chain segment. This argument, however, appears
o disregard that a signiﬁcant amount of energy is dissipated in the
nner process zone either plastically or viscoelastically, even though
he authors acknowledge that stretched chain segments immedi-
tely around the crack tip will have to be plastically deformed prior
o fracture [34]. Along these lines, we could be thought as com-
rising of two components: one related to the uncoiling of chains,
nd one related to the subsequent elastic stretching and rupture of
ovalent bonds. The relationship between fracture toughness and
he viscous nature of the paints is highlighted when we is plot-
ed against the maximum tan ı from DMA  (Fig. 8(b)). Generally
e increases with max  tan ı, suggesting that energy dissipation in
iscous processes is directly related to fracture toughness.Ligament l ength , mm
MMM  content (a), and for paints based on different polyester binders (b).
On the other hand, it is not clear which factor controls the vari-
ation of the non-essential work, ˇwin, between paint formulations.
As ˇwin reﬂects the fraction of the total work dissipated in inelastic
processes within the sample, low values of ˇwin signify that the
material behaviour is elastic with little energy dissipation outside
the fracture process zone. Along these lines it might be expected
that increasing the cross-link density would result in a decrease
in the value of ˇwin. However this is not conﬁrmed by the exper-
imental data, as shown in Fig. 8(c), where no correlation between
ˇwin and cross-link density is seen. Furthermore, as a large vis-
cous component would be reﬂected in a higher tan ı from DMA,
it may  be expected that ˇwin will increase with the maximum
value of tan ı. However, this was  not conﬁrmed by the experi-
mental ﬁndings, as shown in Fig. 8(d). Finally, in order to probe
the relation between inelastic processes within the paints and
ˇwin directly, cyclic tests were performed (see Fig. 4) from which
the ratio of the elastic (readily recoverable) energy, Eel, over the
total energy, Etot, was  obtained. The resulting ˇwin versus Eel/Etot
is shown in Fig. 8(e), where it could be argued that an increase
in the elastic energy results in a decrease of the non-essential
part of the work of fracture, however, the correlation is rather
weak.
5.4. EWF  results – effect of temperature
As the Tg of the paints is very close to room temperature, it is
of great importance to study the effect of temperature on their
fracture toughness. For this, additional tests were performed at
Tg −10 ◦C, Tg −5 ◦C and Tg +10 ◦C on paints PE1H5, PE1H10 and
PE1H30. For brevity, individual load versus displacement and
wf versus l traces will not be plotted here. Instead, characteris-
tic load versus displacement traces of paint PE1H5 at different
temperatures are shown in Fig. 9. The same methods of data
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ests at temperatures around Tg.eduction were used as outlined above. Plots of we versus T − Tg
nd ˇwin versus T − Tg are shown in Fig. 10. Note that EWF  testing
f PE1H5 at Tg −10 ◦C gave a negative we value. This is considered
nphysical and reﬂects the low toughness of the paint at thiswin, versus cross-link density (a, c) and max  tan ı (b, d). ˇwin versus ratio of elastic
temperature combined with the uncertainty due to extrapolating
from the measured data to ﬁnd the y-axis intercept. Also, samples
of PE1H30 failed in a brittle manner (within the initial linear part
of the load versus displacement trace) at Tg −10 ◦C and therefore
these data were not considered further.
A clear maximum in the essential work of fracture is seen around
Tg for all three paints, while, ˇwin generally decreases with increas-
ing temperature, see Fig. 10. It is worth noting that even though the
maximum values of we are strongly dependent on formulation, at
both higher and lower temperatures the paints had similar tough-
ness (i.e. at Tg −10 ◦C and Tg +10 ◦C). Several studies have focused on
the effect of temperature on the essential work of fracture. Hashemi
and co-workers have investigated the fracture behaviour of several
thermoplastics, and have generally found we to remain unaffected
by changes in temperature, while a maximum is reported in ˇwin
versus temperature [21,23,37,38]. It is noted that these results
were obtained at temperatures below the glass transition of the
materials. Williams and Rink [20] claim that win is equal to y/2.
Considering that the yield strain of polymers is relatively unaffected
by temperature compared to their modulus, it would be expected
for the ˇwin versus temperature traces to follow the general shape
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Table 4
Essential work of fracture, we, calculated from Eqs. (3) and (5), m,avg and the crack
opening displacement, ıc.
T − Tg [◦C] we, Eq. (3)
[kJ/m2]
m,avg [MPa] ıc [mm] we, Eq. (5)
[kJ/m2]
PE1H5
−10 – 16.7 – –
−5  21.7 5.1 0.6 2.2
0  19.5 1.5 4.5 4.5
+10  2.3 0.4 6.4 1.9
PE1H10
−10  1.1 20.2 0.1 1.6
−5  7.4 8.6 0.9 5.0
0  13.2 2.3 2.7 4.2
+10  2.4 0.7 3.3 1.6
PE1H30
−10  – – – –
−5  4.2 12.9 0.2 2.1
0  5.3 7.3 0.7 3.6T- Tg, °C
Fig. 10. Essential work of fracture, we, (a) and the non-essentia
f the storage modulus curves from DMA. Qualitatively this is con-
rmed when comparing between Fig. 3 and Fig. 10. Kuno [39] found
e to be independent of temperature below Tg, but to decrease
apidly near the glass transition. Elsewhere [22,40,41] a maximum
n we has been reported at temperatures where an  ˛ or  ˇ relax-
tion takes place. Clearly, the effect of temperature on the essential
ork of fracture depends strongly on the material under investiga-
ion. An additional difﬁculty in explaining the current results comes
rom the fact that most of the published literature is on thermo-
lastic materials, whereas chemically cross-linked polymers are
argely overlooked. Nevertheless, the position of the maximum
n we at the Tg of the paints, suggests that the macroscopically
bserved fracture toughness is related to relaxation at a molecular
evel.
In trying to explain the effect of temperature on the essential
ork of fracture, several workers [21,23,37,38,40] have used a rela-
ionship, based on work by Cotterell and Reddel [16], that expresses
e as a function of the crack opening displacement, ıc, as:
e = 23m,avgıc (5)
here m,avg is as deﬁned previously, and the term 2/3 is related to
he shape of the load–displacement trace which is assumed to be
 parabola. Here this parabolic assumption appears justiﬁed at the
owest temperature (see Tg −10 ◦C trace in Fig. 9), however at higher
emperatures a shape factor closer to 1 would seem more realistic
Fig. 9). To obtain the crack opening displacement, the maximum
isplacement, ımax, for each sample is plotted versus l. A linear
egression is performed on the data, and ıc is determined as the
ntercept of the regression line with the y-axis.
It has been noted [38,40] that m,avg and ıc move in opposite
irections with temperature (m,avg decreases with increasing tem-
erature, whereas ıc increases with increasing temperature), and
herefore it is the relative change of these two terms that dictates
he effect of temperature on we. Here, m,avg, ıc and we as calculated
sing Eqs. (3) and (5) are given in Table 4.
The general trend shown in Table 4 is for m,avg to decrease and
or ıc to increase with increasing temperature, in agreement with
esults published elsewhere [38,40]. The essential work of fracture
s calculated from Eq. (5) reaches a maximum at Tg which is in
greement with results obtained from Eq. (3), even though val-
es obtained from Eq. (5) are signiﬁcantly lower to those obtained
rom Eq. (3). The reasons for this discrepancy are unclear. It has
lready been suggested that the 2/3 factor in Eq. (5) is unrealis-
ic at temperatures of Tg −5 ◦C or higher, and a value closer to 1
ould better reﬂect the shape of the load–displacement curves.
owever, this still does not account for the difference in we values
btained from Eqs. (3) and (5). It is possible that the displacement
s measured from the cross-head movement does not accurately+10  1.6 2.5 0.6 1.0
capture the displacement in the area immediately surrounding the
ligament.
An additional concern relates to the fact that the strain rate
within the ligament will vary with ligament length, for constant
cross-head displacement. Given the visco-elastic nature of these
materials it may  be expected that the different strain rates between
ligaments could lead in errors in the measurement of we. How-
ever, if changes in rate for different ligaments had a signiﬁcant
effect on the results, it would be expected that short ligaments
and large ligaments would correspond to different types of load
versus displacement traces. Additionally, such rate effects would
be expected to lead to non-linear we versus l plots. In the present
study, the self-similarity of the traces across ligament lengths as
well as the linearity of the we versus l plots suggest that rate effects
related to ligament length are not signiﬁcant. The inclusion of such
effects is recognised as a topic of interest for further study within a
broader scope of including visco-elasticity in the standard method-
ology of the EWF  test. Indeed, the visco-elastic nature of polymers
is largely overlooked by the relevant EWF  literature. The present
paper serves to highlight visco-elasticity as an important factor
affecting the fracture toughness of polymers and demonstrates the
necessity for further analytical and experimental work on the frac-
ture toughness of visco-elastic materials. In the future, tests where
displacements are measured locally through digital image correla-
tion and displacement rate is adjusted for the magnitude of strain
inside the process zone, could help towards this direction and could
explain the observed discrepancy in the results from Eqs. (3) and
(5).
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The fracture toughness of a series of thermoset polyester paint
lms was studied using the essential work of fracture method. The
ross-link density of the paints was varied by changing the concen-
ration of cross-linker, and the molecular weight and functionality
f the polyester resin. The essential work of fracture, we, was  found
o increase with decreasing cross-link density, from about 20 kJ/m2
t a network density of 0.4 × 10−3 mol/cm3 to around 5 kJ/m2 at
ross-link densities of 1 × 10−3 mol/cm3 or higher. On the other
and, no clear correlation between the non-essential component
f the work of fracture, ˇwin, and cross-link density was found.
hen the effect of temperature was considered, we was  found to
each a maximum value at the respective glass transition tempera-
ures of the paints, while ˇwin generally decreased with increasing
emperature. The effect of visco-elasticity on the fracture behaviour
f polymers that are close to their Tg has been recognised, and the
ddition of visco-elastic effects to standard EWF  methodology was
ighlighted as an area of particular interest for further investiga-
ion. Finally, the relationship between the fracture toughness of
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